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Introduction {#sec001}
============

The mesenchymal stem cells (MSC) are able to differentiate into multiple cell lineages \[[@pone.0137644.ref001]\], secrete numerous growth factors and cytokines with important functions in tissue regeneration \[[@pone.0137644.ref002]\], are immune privileged \[[@pone.0137644.ref003]\], and secrete immunomodulatory factors \[[@pone.0137644.ref004], [@pone.0137644.ref005]\] which make them excellent candidates for tissue replacement therapies. Bone marrow-derived mesenchymal stem cells (BMSC) are considered the gold standard for tissue engineering applications and disease treatments among MSC \[[@pone.0137644.ref006], [@pone.0137644.ref007]\]. The MSC were originally isolated from bone marrow \[[@pone.0137644.ref008]\], but they are present in many tissues due to their perivascular location \[[@pone.0137644.ref009]\]. One of the most interesting tissues for the isolation of MSC is adipose. The quantity and accessibility of subcutaneous adipose tissue in humans and other species makes it an attractive alternative to bone marrow as a source of adult stem cells \[[@pone.0137644.ref010]--[@pone.0137644.ref012]\]. As previously reported \[[@pone.0137644.ref013], [@pone.0137644.ref014]\], besides non-human primates, the pig can be considered an ideal animal model for initial studies exploring human MSC therapeutic applications. In addition, the porcine adipose derived stem cells (ASC) can be easily harvested, isolated, expanded and differentiated *in vitro* \[[@pone.0137644.ref013], [@pone.0137644.ref015], [@pone.0137644.ref017]\].

We have previously characterized porcine BMSC and ASC during adipogenic and osteogenic differentiation in a 2-dimensional culture system and we observed some morphological differences, particularly during osteogenesis \[[@pone.0137644.ref017]\]. In order to investigate the observed differences between the two MSC prior and during osteogenesis and adipogenesis we also performed a direct transcriptomic comparison between the two MSC types using a large microarray dataset \[[@pone.0137644.ref014]\]. In the same experiment we have also investigated the differences between osteogenic and adipogenic differentiation. The low number of differentially expressed genes (**DEG**) between the two MSC prior to differentiation highlighted the large similarity between the cell types. We observed an abundant expression of genes involved in immunomodulation, angiogenesis, and collagen formation \[[@pone.0137644.ref014]\] for both cell types. During both types of differentiation, few genes were differentially expressed between the two MSC. The functional analysis of those DEG indicated that ASC had a larger lipogenic signature compared to BMSC, while BMSC had a stronger proliferative capacity compared to ASC. The ASC were observed to have a greater angiogenic signature during adipogenesis compared to BMSC \[[@pone.0137644.ref014]\]. Between the differentiation types our data clearly suggested a pivotal role of PPAR signaling, a consistent greater lipogenesis and a greater angiogenic capacity of both MSC during adipogenesis compared to osteogenesis \[[@pone.0137644.ref014]\]. Inversely, when osteogenesis was compared to adipogenesis there was greater proliferation during the earlier phases of differentiation and a larger migratory capacity, involving cytoskeleton reorganization, as differentiation progressed. Our analysis also highlighted a pivotal role of G-proteins in determining the early stages of osteogenic differentiation of MSC \[[@pone.0137644.ref014]\].

The above results came from the analysis of the differentially expressed genes between comparisons but the real dynamic adaptations of the transcriptome were not analyzed. The functional analysis of the previous manuscript was performed using the enrichment analysis or overrepresented approach (ORA) \[[@pone.0137644.ref018]\]. The ORA is a robust and reliable approach in order to capture the most important biological terms in gene lists; however, it presents serious limitations when used for analysis of time course experiments \[[@pone.0137644.ref018], [@pone.0137644.ref019]\]. The ORA can be used in time course experiments after reduction of the dataset using cluster or principal components analyses. The cluster and/or principal components analyses are very useful in order to investigate if changes in genes coding for proteins involved in particular pathway or other biological terms are highly coordinated. This also allows for uncovering transcription factors involved in the regulation of genes with similar pattern in expression. Those approaches, however, do not allow investigation/visualization of the dynamic changes in the pathways or other biological events during the whole time course or between multiple treatments alone or in combination.

The molecular processes involved in MSC adipogenesis and osteogenesis both *in vivo* \[[@pone.0137644.ref020]\] and *in vitro* have been studied and reviewed \[[@pone.0137644.ref021]--[@pone.0137644.ref024]\]. It is well established that PPARγ is the master regulator of adipogenesis and it also has a crucial, although negative, role during osteogenesis \[[@pone.0137644.ref014], [@pone.0137644.ref022]--[@pone.0137644.ref025]\]. The Wnt signaling system plays a pivotal role in the osteogenic and adipogenic fate of MSC, with the canonical Wnt-β-catenin signaling being in favor of the osteogenesis (and being inhibitory toward adipogenesis) and the non-canonical Wnt pathway being in favor of the adipogenesis (and being inhibitory toward ostegenesis) \[[@pone.0137644.ref024]\]. Even though the signaling pathway(s) determining adipogenic or osteogenic fate in porcine BMSC and ASC is likely highly conserved between human, mouse, and pig, this has not been experimentally established.

With the purpose of complementing prior studies \[[@pone.0137644.ref014], [@pone.0137644.ref017]\], the aim of the present investigation was to uncover pathways, biological functions, and transcription factors involved in determining the osteogenic and adipogenic fate of ASC and BMSC. This was accomplished by performing a large functional analysis of microarray data using three different but interconnected approaches: (1) a functional analysis of KEGG pathways and Gene Ontology (GO) terms using the novel DIA and the classical enrichment analysis, (3) analysis of up-stream transcription factors and their estimated activation/inhibition, and (2) a *k*-mean cluster analysis in association with enrichment analysis and scrutiny of networks in order to determine co-regulated functions and uncover transcriptional factors that more significantly overlap with genes in *k*-mean clusters.

Results and Discussion {#sec002}
======================

Overall transcriptome perturbation during differentiation {#sec003}
---------------------------------------------------------

Complete dataset with fold-change and statistical results are reported in [S1 File](#pone.0137644.s016){ref-type="supplementary-material"}. The overview of the pattern of the 2,200 DEG with an overall false discovery rate or FDR ≤ 0.05 for time × differentiation × cell type effect is shown in [S1 Fig](#pone.0137644.s001){ref-type="supplementary-material"} The number of DEG (FDR ≤ 0.05 for time × differentiation × cell type effect plus P-value≤ 0.05 between comparisons) in each MSC undergoing osteogenic and adipogenic differentiation is shown in [Fig 1](#pone.0137644.g001){ref-type="fig"}.

![Number of differentially expressed genes during adipogenic and osteogenic differentiation in BMSC and ASC.\
Upper panels denote number of differentially expressed genes (DEG; FDR ≤ 0.05 and P-value between comparison ≤ 0.05) in all time points during differentiation compared to time 0 (i.e., prior differentiation) without fold-change cut-off (top panels) or with 2-fold change cut-off (lower panels). Lower panels denote the number of DEG between consecutive time points with or without 2-fold change cut-off.](pone.0137644.g001){#pone.0137644.g001}

The adipogenic induction had a greater effect on the transcriptome compared to the osteogenic induction with a similar effect between the two MSC, but with a larger number of DEG in BMSC at 2 vs. 0 days of differentiation (2dd) compared to ASC and a larger number of DEG in ASC compared to BMSC at 21dd ([Fig 1](#pone.0137644.g001){ref-type="fig"}). The ASC had a larger number of down-regulated vs. up-regulated genes compared to BMSC ([Fig 1](#pone.0137644.g001){ref-type="fig"}). The osteogenic differentiation had an overall similar number of DEG between the two MSC, but with a slightly larger number of DEG in BMSC vs. ASC, particularly at 7dd. The osteogenic differentiation had also a larger number of up-regulated vs. down-regulated genes in BMSC vs. ASC. When the DEG between consecutive time points was analyzed ([Fig 1](#pone.0137644.g001){ref-type="fig"}) it was evident that the larger change in expression happened at the beginning of the two differentiations (i.e., at 2dd), particularly for the adipogenic differentiation. Significant changes in transcriptome during the early phases of *in vitro*-induced adipogenesis were observed also in T3T cells (i.e., mouse) \[[@pone.0137644.ref026]\] and in human adipocyte stem cells \[[@pone.0137644.ref027]\].

It appears from the above data that the adipogenic differentiation requires a greater transcriptomic perturbation to take place compared to the osteogenic differentiation. The fact that adipogenesis is highly regulated at the transcriptional level has been known for at least a decade \[[@pone.0137644.ref028]\]. In addition, the data in [Fig 1](#pone.0137644.g001){ref-type="fig"} also showed that adipogenesis is featured by a large number of down-regulated DEG and this was more pronounced in ASC, while the osteogenesis is featured by a larger number of up-regulated DEG, particularly for the BMSC. This indicates that in order to induce the adipogenic signature the expression of most of the genes needed to be reduced, particularly for the ASC. The pattern of the number of DEG also showed that the transcriptomic changes related to adipogenesis happened in larger magnitude and at earlier time points compared to the osteogenesis. Another feature suggested by this analysis was the slightly larger number of DEG in BMSC vs. ASC during the early phases of adipogenesis, indicating either a larger transcription sensitivity of BMSC or, inversely, the need for a perturbation of a larger number of transcripts to induce adipogenesis. However, the most striking observation remains the high similarity in the number of DEG during the same differentiation between the two MSC and the obvious difference between the two differentiation types. This last observation supports, as previously concluded \[[@pone.0137644.ref014], [@pone.0137644.ref017]\], an overall large similarity between porcine ASC and BMSC.

KEGG pathway analysis using the Dynamic Impact Approach (DIA) {#sec004}
-------------------------------------------------------------

The DIA \[[@pone.0137644.ref019]\] was used to analyze the dynamic adaptation of the pathways during the adipogenic and osteogenic differentiation. The summary view of the main KEGG pathways categories is reported in [Fig 2](#pone.0137644.g002){ref-type="fig"}. From the figure it is clear an overall induction of metabolism during both differentiation types but with a larger induction during adipogenesis vs. osteogenesis and in ASC vs. BMSC. Adipogenesis was featured by an induction, although slight, of the main categories of pathways 'Environmental Information Processing' and 'Organismal Systems' and a minor inhibition of 'Cellular Processes' and 'Genetic Information Processing'. 'Human disease' KEGG pathway category was also highly impacted during adipogenesis. The osteogenesis was featured by an overall activation of metabolism, and an overall inhibition of 'Genetic Information Processing'.

![KEGG pathways: overall dynamic adaptation of the main categories and sub-categories of pathways.\
Overall impact and direction of the impact for the main KEGG pathway categories (red font) and sub-categories (black font) as calculated by the Dynamic Impact Approach. Reported are the "Impact", i.e. the numerical effect or impact on the pathway, and the "Direction of the impact", i.e. the overall estimated effect on the pathway (red = activated, i.e. the category or sub-category of pathways is estimated to be overall induced; green = inhibited, i.e. the category or sub-category of pathways is estimated to be overall reduced).](pone.0137644.g002){#pone.0137644.g002}

The larger induction of metabolism during adipogenesis was mainly due to pathways related to few sub-categories of KEGG pathways such as lipid and amino acid metabolism and metabolism of xenobiotics, cofactors, and vitamins. The 'Metabolism of cofactors and vitamins' was strongly induced in ASC compared to BMSC unregard of differentiations.

The 'Carbohydrate metabolism', sub-category of the metabolic pathways, was not strongly affected by the two differentiation methods ([Fig 2](#pone.0137644.g002){ref-type="fig"}). The majority of the pathways related to this sub-category, with the exception of the 'Butanoate metabolism', had a stronger induction in ASC compared to BMSC in either differentiation ([Fig 3](#pone.0137644.g003){ref-type="fig"}).

![KEGG pathways related to metabolism.\
Shown are the direction of the impact of the most impacted metabolic-related pathways in each time point relative to pre-differentiation of adipogenic or osteogenic differentiation in ASC and BMSC. **Blue** font denotes carbohydrate metabolism-related pathways; **dark red** font denotes lipid metabolism-related pathways; **purple** font denotes amino acid metabolism-related pathways; **green** font denotes other amino acid metabolism-related pathways; **dark yellow** font denotes translation-related pathways; **black** font denotes cofactors and vitamins metabolism-related pathways (see details for all pathways in [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG Pathways').](pone.0137644.g003){#pone.0137644.g003}

The most impacted pathways related to the 'Lipid metabolism' sub-category were the 'Biosynthesis of unsaturated fatty acids' and formation of triacylglycerol (i.e., 'Glycerolipid metabolism'). These pathways were evidently more induced during adipogenesis compared to osteogenesis and in ASC compared to BMSC at 21dd ([Fig 3](#pone.0137644.g003){ref-type="fig"}). Those data support prior conclusions \[[@pone.0137644.ref014], [@pone.0137644.ref017]\] and confirm previous morphological results where large lipid droplets containing triglyceride were accumulated by both cells types during adipogenesis but with a larger accumulation in ASC \[[@pone.0137644.ref017]\].

Interestingly, the synthesis of steroids was not induced during adipogenesis and was inhibited during osteogenesis ([Fig 3](#pone.0137644.g003){ref-type="fig"}). An earlier analysis, using the same transcriptomic study but comparing the DEG between the two MSC during differentiations and using an enrichment analysis approach, suggested a larger importance of sterol biosynthesis in BMSC compared to ASC during early osteogenesis \[[@pone.0137644.ref014]\]. The results from the DIA of the present analysis support those earlier conclusions ([Fig 3](#pone.0137644.g003){ref-type="fig"}). Interestingly, the inhibition of cholesterol synthesis appears to be important in order to reduce bone loss \[[@pone.0137644.ref029]\] and enhance bone formation \[[@pone.0137644.ref030]\]. In support of this, it has been recently reported that the inhibition of osteogenesis in human MSC by chlorate is featured by a consistent increase in cholesterol synthesis \[[@pone.0137644.ref031]\]. Overall, in view of the above observations and of the present results, the decline of cholesterol synthesis during the late stage of osteogenic differentiation can be considered a consistent feature in both cells types but more pronounced in ASC ([Fig 3](#pone.0137644.g003){ref-type="fig"}).

The amino acid (AA) metabolism was also overall more induced during adipogenesis compared to osteogenesis, particularly for ASC ([Fig 3](#pone.0137644.g003){ref-type="fig"}). The metabolism of several AA, including Trp, His, Phe, Gly, Ser, and Thr and 'Glutatione metabolism' were among the most affected ([Fig 3](#pone.0137644.g003){ref-type="fig"}). Amid the AA metabolism, the 'Tryptophan metabolism' was the most induced during adipogenesis compared to osteogenesis ([Fig 3](#pone.0137644.g003){ref-type="fig"}). A detailed visualization of the pathway in ASC and BMSC at 7dd ([S2 Fig](#pone.0137644.s002){ref-type="supplementary-material"}) suggests that the MSC used Trp to produce several indole acetate-type molecules directly from Trp or passing by serotonin intermediate. This is probably a phenomena induced by indomethacin \[[@pone.0137644.ref032]\], which was added in large concentration in the adipogenic cocktail in the present experiment \[[@pone.0137644.ref017]\]. The indomethacin and the serotonin metabolites (that are also derived from Trp) have been shown to activate PPARγ and adipogenesis in human cells \[[@pone.0137644.ref032], [@pone.0137644.ref033]\]. Interestingly, also the induction of 'Phenylalanine metabolism' suggests the use of Phe for the production of the metabolite phenylacetate ([S3 Fig](#pone.0137644.s003){ref-type="supplementary-material"}), which has been observed to be an activator of adipogenesis in human MSC \[[@pone.0137644.ref034]\]. Those observations indicate that the MSC induced toward adipogenesis increase the metabolism of AA in order to produce intermediate metabolites that have a feed forward effect on further inducing adipogenesis. Those findings are supportive of our previous suggestion about the progressive induction of differentiation in ASC by provision of additional adipogenic signaling molecules produced by differentiated cells \[[@pone.0137644.ref017]\].

The 'Metabolism of Cofactors and Vitamins' was the most impacted sub-category of pathways ([Fig 2](#pone.0137644.g002){ref-type="fig"}). Interestingly, most of the pathways in these subcategories were strongly affected by the type of MSC but not by the type of differentiation. With the exception of 'Terpenoid backbone biosynthesis' that was mostly affected by differentiation ([S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways'), the 'Nicotinate and nicotinamide metabolism', 'Pantothenate and CoA biosynthesis', and 'Riboflavin metabolism' were only mildly affected by the type of differentiation, with an overall larger induction during osteogenesis and were consistently strongly induced in ASC during either differentiation path but not in BMSC ([Fig 3](#pone.0137644.g003){ref-type="fig"} and [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways'). The pattern of those pathways was however determined by a large change of one gene, ectonucleotide pyrophosphatase/phosphodiesterase 1 (*ENPP1*). The product of this gene has been shown to be essential for the control of bone mineralization \[[@pone.0137644.ref035]\]. Further, its overexpression in adipose tissue also induces insulin resistance both in the adipocytes and at the systemic level \[[@pone.0137644.ref036]\]. Thus, our findings of a consistent high expression of *ENPP1* in ASC during both types of differentiation appear to be supportive of an essential role of this gene in both bone mineralization and adipose tissue maturation. The insulin resistance effect of the product of *ENPP1*\[[@pone.0137644.ref036]\] might be due to the adipocytes trying to prevent lipid overload by reducing glucose uptake that in turn allows regulating lipogenesis.

The 'Xenobiotic biodegradation and metabolism' pathway was greatly induced during adipogenesis ([Fig 2](#pone.0137644.g002){ref-type="fig"}) due to large activation of P450-related pathways ([S2 File](#pone.0137644.s017){ref-type="supplementary-material"}), particularly for ASC. An important role of P450 in white adipose tissue in human has been reported \[[@pone.0137644.ref037]\]. The activation of P450 in human adipose stem cells retard adipogenesis thorugh the increased production of epoxyeicosatrienoic acid \[[@pone.0137644.ref038]\]. A detailed visualization of the P450 pathways during adipogenic differentiation in ASC in the present work ([S4 Fig](#pone.0137644.s004){ref-type="supplementary-material"}) revealed that the epoxyeicosatrienoic acid production was not induced during adipogenesis but the production of many other xenobiotics metabolites. It is not clear at the present the significance of this finding.

The 'Ribosome' KEGG pathway was evidently inhibited during the beginning of osteogenesis ([Fig 3](#pone.0137644.g003){ref-type="fig"}). Interestingly, data also indicated a slight inhibition of 'mTOR pathway' during osteogenesis and an evident inhibition of 'Cell cycle' during adipogenesis in both MSC ([Fig 4](#pone.0137644.g004){ref-type="fig"}). The inhibition of cell cycle (also supported by the 'p53 signaling pathway'; [Fig 4](#pone.0137644.g004){ref-type="fig"}) indicate a reduction of proliferation during adipogenesis compared to osteogenesis. Those data are supported by our previous observation of an increase in number of cells during early phases of osteogenesis and a decrease during adipogenesis \[[@pone.0137644.ref014]\]. An overall decrease of phosphorylation of pathways involved in protein synthesis and cell proliferation was recently observed during the early phases of human BMSC *in vitro* osteogenic differentiation \[[@pone.0137644.ref039]\]. The decrease in phosphorylation of proteins involved in the regulation of protein synthesis (e.g., mTOR) results in a reduction of mRNA translation. Those observations, together with our data, indicate that protein synthesis was rather inhibited during osteogenesis, despite the fact that a large amount of secreted proteins are needed for extracellular matrix formation \[[@pone.0137644.ref040]\]. Protein synthesis is an important phenomenon during bone formation and an inhibition of protein synthesis reduces bone formation *in vivo* and *in vitro* \[[@pone.0137644.ref041]\]. However, protein synthesis is, energetically speaking, a very costly biological phenomenon and an inverse relationship between cell proliferation and protein synthesis has been observed \[[@pone.0137644.ref042], [@pone.0137644.ref043]\]. As previously reported \[[@pone.0137644.ref014]\] we have detected an increase in cell proliferation during osteogenesis but a decrease during adipogenesis. In this regard, the suggested decrease in protein synthesis might have allowed for a larger availability of energy for cell proliferation during osteogenesis. For adipogenic differentiation it appears that energy was sequestered for the accumulation of triglycerides, because we did not observe an increase in cell proliferation \[[@pone.0137644.ref014]\]. As also suggested previously \[[@pone.0137644.ref039]\], the decrease in protein synthesis as a way to spare energy might be a consequence of reduced energy availability due to glucose and/or serum depletion in the culture medium; however, for the present experiment we have used high-glucose media \[[@pone.0137644.ref017]\], suggesting that other factors might be more limiting. Protein synthesis was apparently not affected by adipogenesis, if not slightly inhibited in the early phases of differentiation, particularly for BMSC ([Fig 3](#pone.0137644.g003){ref-type="fig"}). This observation is in contrast to an early observation of a large increase in expression of several ribosomal proteins in 3T3-L1 cells after 6h of adipogenesis \[[@pone.0137644.ref026]\], observation recently strongly confirmed \[[@pone.0137644.ref044]\]. A complete overlap of our data with the above paper is impossible due to the different time of cell harvesting (the earlier harvesting in our case was 2h); however, all the ribosomal proteins that were observed to be up-regulated in 3T3 cells were either down-regulated or unaffected in porcine ASC at 2 day of adipogenesis in porcine ASC (e.g., *RPL7A*, *RPL6*, and *EIF4B*, see [S1 File](#pone.0137644.s016){ref-type="supplementary-material"}). These data may indicate a species-species differences; however, lack of an important role of ribosomal proteins during late stages (i.e., \>1 day) adipogenesis in human ASC can be extrapolated by several works \[[@pone.0137644.ref045], [@pone.0137644.ref046]\]. Furthermore, the observation of a shift of several mRNA toward polyribosome during asipogenesis in 3T3-L1 cells \[[@pone.0137644.ref026]\] (i.e, increased translation) highlights an interpretative limitation in using only transcriptomics data.

![KEGG pathways related to other categories.\
Shown are the direction of the impact of the most impacted non metabolic-related pathways in each time point relative to pre-differentiation of adipogenic or osteogenic differentiation in ASC and BMSC. **Blue** font denotes signal transduction-related pathways; **dark red** font denotes signaling molecules and interaction-related pathways; **dark purple** font denotes transport and catabolism-related pathways; **dark blue** font denotes cell motility; **purple** font denotes Cell growth and death-related pathways; **green** font denotes cell communication-related pathways; **dark yellow** font denotes endocrine system-related pathways; **red** font denotes cancers-related pathways; **black** font denotes immune system diseases-related pathways (see details for all pathways in [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG Pathways').](pone.0137644.g004){#pone.0137644.g004}

Signaling pathways and networks drive any type of cellular differentiation. Interestingly, among the most impacted pathways were the ones related to cell-to-cell signaling (e.g., 'ECM-receptor interaction') and the one related to endocrine system ([Fig 2](#pone.0137644.g002){ref-type="fig"}) as the most impacted KEGG pathway was 'Renin-angiotensin system' followed by 'PPAR signaling' and 'Basal cell carcinoma' ([Fig 4](#pone.0137644.g004){ref-type="fig"}, [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways').

The 'Renin-angiotensin system' was highly impacted and induced in ASC and slightly impacted and induced in BMSC during adipogenesis. The large impact of renin-angiotensin system during adipogenesis is not surprising. The expression and secretion of angiotensinogen is known to induce pre-adipocytes differentiation and it is a marker of mature adipocytes \[[@pone.0137644.ref047]\].

The present analysis clearly showed a large induction of 'PPAR signaling' pathway due to adipogenesis ([Fig 4](#pone.0137644.g004){ref-type="fig"}; see [S5 Fig](#pone.0137644.s005){ref-type="supplementary-material"} for details of this KEGG pathway); however, it does not allow for a clear conclusion to which among the three PPAR isotypes is the most important for adipogenesis. Nonetheless, it has been well established that the activation of PPARγ is essential for the adipogenic differentiation \[[@pone.0137644.ref022], [@pone.0137644.ref024]\]. Thus our analysis appears to support the pivotal role of PPARγ in driving the adipogenic vs. osteogenic differentiation \[[@pone.0137644.ref024]\].

Another important pathway in driving the MSC toward the adipogenesis or osteogenesis is the Wnt signaling \[[@pone.0137644.ref024]\]. In our analysis the Wnt signaling was not among the most impacted pathways (see [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathway'); however, the impact and the induction were larger in adipogenesis compared to osteogenesis ([Fig 4](#pone.0137644.g004){ref-type="fig"}). The KEGG 'Wnt signaling pathway' at 7dd during adipogenesis and osteogenesis in BMSC is depicted in [S6 Fig](#pone.0137644.s006){ref-type="supplementary-material"}. From [S6 Fig](#pone.0137644.s006){ref-type="supplementary-material"} it is evident that both the increase in expression of Wnt genes and the increase of the components of the receptor (i.e., Frizzled) are common between the two differentiation types (also see [S1 File](#pone.0137644.s016){ref-type="supplementary-material"}). In both differentiation types, the genes involved in the canonical Wnt signaling were highly affected ([S6 Fig](#pone.0137644.s006){ref-type="supplementary-material"}). This appears to contradict the notion, based on previous findings, that the induction of Wnt/β-catenin pathway (i.e., canonical Wnt signaling) is crucial for prompting the osteogenic instead of the adipogenic fate in MSC \[[@pone.0137644.ref024]\]. Even though a role of the non-canonical Wnt signaling in determining the osteogenic fate of MSC has been reported \[[@pone.0137644.ref024]\] it is still controversial. In another study it was demonstrated that the non-canonical Wnt signaling is essential in inducing adipogenesis \[[@pone.0137644.ref048]\], especially due to *WNT4* and *WNT5A* expression during early differentiation. *WNT5A* was significantly induced during the early phases of both differentiations in BMSC in our experiment ([S1 File](#pone.0137644.s016){ref-type="supplementary-material"}).

Other pathways, such as 'Phosphatidylinositol signaling system' and 'TGF-beta signaling' were also highly impacted ([Fig 4](#pone.0137644.g004){ref-type="fig"}, [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways'). The 'Phosphatidylinositol signaling system' was more induced during early osteogenesis and inhibited during adipogenesis. The pathway is linked with the focal adhesion pathway (see below) through phosphatidylinositol 3,4,5-trisphosphate and inhibition of this pathway negatively affects focal adhesion \[[@pone.0137644.ref049]\]. In our case the pattern of the direction of the impact between the 'Phosphatidylinositol signaling system' and 'Focal adhesion' was not similar ([Fig 4](#pone.0137644.g004){ref-type="fig"}).

Adipogenesis was featured by an overall inhibition of pathways related to cell-to-cell interaction and cytoskeleton regulation (including cell junction-related pathways) while osteogenesis was featured by an increase of the same pathways ([Fig 4](#pone.0137644.g004){ref-type="fig"} and [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways'). A larger cell-to-cell contact during osteogenesis compared to adipogenesis was also highlighted by our previous analysis \[[@pone.0137644.ref014]\]. Interestingly, an activation of those pathways was more evident for ASC compared to BMSC during osteogenesis ([Fig 4](#pone.0137644.g004){ref-type="fig"}). In our 2D *in vitro* experiment the porcine ASC tended to form large osteogenic nodules \[[@pone.0137644.ref017]\] through cell migration and/or a rolling of the single layer of cells to form dense nodules (see [S1 Video](#pone.0137644.s027){ref-type="supplementary-material"}). This observation together with the transcriptomics data indicates that cell adhesion molecules together with the regulation of the cytoskeleton might play a pivotal role in such cellular behavior. As pointed out before, the formation of nodules in ASC appears to follow the pattern of intramembranous ossification \[[@pone.0137644.ref013]\].

The induction of the 'Peroxisome' pathway during adipogenesis ([Fig 4](#pone.0137644.g004){ref-type="fig"}) can be related to the increase in activity of PPAR \[[@pone.0137644.ref050]\]; however, the number of peroxisomes and activity of their enzymes appear to be a feature of some differentiation types, as this increases significantly during cell differentiation, particularly in epithelial cells \[[@pone.0137644.ref051]\]. To our knowledge, no data about number and/or activity of peroxisomes are available for adipogenesis and osteogenesis in MSC.

The MSC are known to be immune-privileged particularly for the low expression or absence of major histocompatibility complex components \[[@pone.0137644.ref052]\]. This has been clearly demonstrated for BMSC \[[@pone.0137644.ref053]\], but also ASC have the same property \[[@pone.0137644.ref013], [@pone.0137644.ref054]\]. The larger inhibition of 'Graft-versus-host disease' during both differentiations in ASC vs. BMSC ([Fig 4](#pone.0137644.g004){ref-type="fig"}) and the pathways related to the sub-category 'Immune System Diseases' (that include also the pathway 'Allograph rejection') ([Fig 2](#pone.0137644.g002){ref-type="fig"} and [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways') indicate a lower immunogenicity of ASC compared to BMSC during differentiations. The ASC have been shown to improve consistently the Graft-versus-host disease in several transplants \[[@pone.0137644.ref055]\]. Our *in vitro* data suggest ASC to be more immune privileged than BMSC. This however needs to be tested by direct *in vivo* transplant of the two MSC.

The 'Basal cell carcinoma' was among the most impacted KEGG pathways and was more induced during adipogenesis ([Fig 4](#pone.0137644.g004){ref-type="fig"}). The impact on this pathway was however due to three components: BMP, Wnt, and Frizzled ([S7 Fig](#pone.0137644.s007){ref-type="supplementary-material"}) that are parts of other pathways, for instance 'Wnt signaling' and 'Hedgehog signaling'. In a previous analysis of the DEG between differentiation types, data indicated a larger tumorigenesis during later adipogenesis compared to osteogenesis \[[@pone.0137644.ref014]\]. The present data support that observation but, as also previously reported, caution should be taken in making the conclusion that adipogenesis is more tumorigenic than osteogenesis as tumor formation is not strictly a cellular phenomenon. However, further *in vivo* experiments should be run to validate such observation because there are indications that MSC from human fat or conditioned media from those cells promote tumor formation when co-transplanted with tumor cells \[[@pone.0137644.ref056]\].

In summary, the KEGG pathway analysis uncovered an overall increase in metabolism during adipogenesis, mostly due to lipid formation but also due to an increase in utilization of several AA. The analysis of metabolic pathways clearly depicts an adipose phenotype for the adipogenic differentiation. The osteogenic differentiation was not featured by a large change of any of the metabolic-related pathways, except a consistent decrease in steroid biosynthesis at the end of differentiation. The metabolism of cofactors and vitamins was also highly affected during differentiations, but mostly in ASC. The signaling molecule pathways analysis indicated that the induction of PPAR signaling is the most important event in determining the adipogenic fate of the porcine MSC with a concomitant involvement of Wnt and Hedgehog ([S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathways') signaling pathways. Interestingly, none of the signaling pathways were highly induced during osteogenesis, indicating, together with the overall lower change in gene expression ([Fig 1](#pone.0137644.g001){ref-type="fig"}), that the osteogenesis was less dependent on changes in gene expression and more dependent on other phenomena, likely phosphorylation. In support of this, recent phosphoproteomics analysis of human BMSC during osteogenic differentiation highlighted an important role of protein phosphorylation in driving such differentiation \[[@pone.0137644.ref039]\]. There is not similar data for the adipogenic differentiation to make a clear comparison; however, overall the above observations indicate a more central role of protein phosphorylation in osteogenesis compared to adipogenesis and a stronger transcriptomics adaptation at the root of the adipogenesis. Finally, the high impact of 'Renin-angiotensin system' and several pathways related to metabolism of cofactors and vitamins involving genes known to be adipose-specific in ASC vs. BMSC appears to indicate a retention of 'adipocyte cell memory' for ASC while none of the data from the KEGG pathways analysis indicate a "osteocyte cell memory' in BMSC. The "stem cell memory" is not a new concept and it is related to epigenetic markers determined by the tissue of origin that persist in isolated cells. Human MSC retain past physical signals that determine the expression of specific differentiation markers \[[@pone.0137644.ref057]\] and induced pluripotent stem cells preserve an "epigenetic memory" from the original tissue that affects expression of gene and, thus, cell identity \[[@pone.0137644.ref058]\].

Gene ontology analysis by the DIA and overrepresented approach by DAVID {#sec005}
-----------------------------------------------------------------------

In order to further mine the transcriptome dataset to uncover the functional dynamic changes involved in osteogenesis and adipogenesis in the two MSC we have performed the analysis of Gene Ontology (GO) categories using the DIA and the enrichment analysis by means of DAVID \[[@pone.0137644.ref059]\]. The GO categories include a larger amount of annotated genes compared to the KEGG pathway analysis. Complete results of all three categories of GO analysis are reported in [S3 File](#pone.0137644.s018){ref-type="supplementary-material"}.

With the purpose of determining the most affected terms in each condition we have computed several summaries for the DIA results including the overall direction of the impact during adipogenesis, during osteogenesis, between adipogenesis and osteogenesis, and between ASC and BMSC (all results are available in [S3 File](#pone.0137644.s018){ref-type="supplementary-material"}). In order to summarize the GO terms with the largest difference in the direction of the impact between adipogenesis and osteogenesis, results from the above-mentioned calculations were uploaded to REVIGO \[[@pone.0137644.ref060]\]. The results are available in [S3 File](#pone.0137644.s018){ref-type="supplementary-material"} and in several additional figures ([S8 Fig](#pone.0137644.s008){ref-type="supplementary-material"} and [S9 Fig](#pone.0137644.s009){ref-type="supplementary-material"} for GO Biological process, [S10](#pone.0137644.s010){ref-type="supplementary-material"} and [S11](#pone.0137644.s011){ref-type="supplementary-material"} Figs for GO Molecular function, and [S12](#pone.0137644.s012){ref-type="supplementary-material"} and [S13](#pone.0137644.s013){ref-type="supplementary-material"} Figs for GO Cellular component).

The overall GO analysis with the DIA indicated that many terms were similarly affected during both differentiation types ([S3 File](#pone.0137644.s018){ref-type="supplementary-material"} sheets 'GO Biological process', 'GO Molecular function', and 'GO Cellular component'). Several of those terms were strongly impacted during both differentiations, such as the inhibition of protein processing and induction of genes related to the epithelial proliferation ([S3 File](#pone.0137644.s018){ref-type="supplementary-material"}, sheet 'GO Biological process').

In [Fig 5](#pone.0137644.g005){ref-type="fig"} is reported the direction of the impact of the GO Biological processes (calculated by DIA) with the largest difference in the direction of the impact between adipogenesis and osteogenesis. The adipogenic differentiation, contrary to the osteogenic one, was featured by an overall very high impact of GO terms related to triglycerides synthesis with an evident large importance of glycerol transport and metabolism of fatty acids. The increase in glycerol transport, together with a lack of increase in utilization of glucose (as indicated by the KEGG pathway analysis, see [Fig 3](#pone.0137644.g003){ref-type="fig"}, and [S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, sheet 'KEGG pathway'), indicates a strong dependence of the differentiating MSC from the extracellular provision of glycerol for triglycerides synthesis. The adipogenesis was induced by addition of 1 μM of dexamethasone \[[@pone.0137644.ref017]\]. This compound is known in adipocytes to bind the glucocorticoid receptor and decrease expression of phosphoenolpyruvate carboxykinase (PCK1) by reducing the binding of several other factors (including CEBPs) to the promoter region of the PCK1 \[[@pone.0137644.ref061]\] inhibiting the glyceroneogenesis \[[@pone.0137644.ref062]\]. The latter appears to have a crucial role in triacylglycerol formation in mature adipocytes, particularly when there is an active lipolysis in adipocytes \[[@pone.0137644.ref062]\]. The suggested increase in glycerol transport and the latter observations suggest a minor role of glyceroneogenesis during adipogenic differentiation in our experimental conditions.

![Gene ontology biological process terms.\
Direction of the impact of GO Biological process terms with the largest difference in the overall direction of the impact in adipogenesis compared to osteogenesis as calculated by the Dynamic Impact Approach. The two upper rows of figures report the terms with the largest overall direction of the impact in adipogenesis compared to osteogenesis. The last two rows of figures report the terms with the largest overall direction of the impact in osteogenesis compared to adipogenesis. The full results are available in [S3 File](#pone.0137644.s018){ref-type="supplementary-material"}.](pone.0137644.g005){#pone.0137644.g005}

The adipogenesis was also featured by a large induction of extracellular matrix signaling that included secretion of hormones (indicated by 'Progesterone secretion', see [Fig 5](#pone.0137644.g005){ref-type="fig"}) and sensitivity to growth factors (indicated by 'VEGF receptor signaling pathway', see [Fig 5](#pone.0137644.g005){ref-type="fig"}). The high impact and induction in adipogenesis, but not in osteogenesis, of the 'Wnt signaling pathway calcium modulating pathway' ([Fig 5](#pone.0137644.g005){ref-type="fig"}) was also interesting. This finding is in line with the induction of 'Wnt signaling pathway' during adipogenesis suggested by the KEGG pathway analysis ([Fig 4](#pone.0137644.g004){ref-type="fig"}) and by data from another laboratory where it was observed an enhancement of adipogenesis by increase in calcium after the first 48 h of differentiation \[[@pone.0137644.ref063]\].

The analysis of the other GO categories, particularly the 'GO Molecular function', confirmed the stronger lipogenic phenotype during adipogenesis compared to osteogenesis ([S3 File](#pone.0137644.s018){ref-type="supplementary-material"}, sheet 'GO Molecular function'). In addition, very few GO Biological processes were induced only during osteogenesis ([S3 File](#pone.0137644.s018){ref-type="supplementary-material"} and [Fig 5](#pone.0137644.g005){ref-type="fig"}). Among those it appears that the induction during osteogenesis and inhibition during adipogenesis of the "negative regulation of the extracellular matrix disassembly" might be important for allowing the deposition of collagen and other extracellular matrix components typical of bone formation and might be important for impeding formation of ECM during adipogenesis. Another interesting suggestion by the GO analysis is the induction of the "regulation of VEGF production" during osteogenesis ([Fig 5](#pone.0137644.g005){ref-type="fig"}). The porcine BMSC are able to produce and secrete a significant amount of VEGF \[[@pone.0137644.ref064]\]. Recently, it has been shown that production of VEGF by osteoprogenitors is important during bone healing \[[@pone.0137644.ref065]\] and it is well-known that vessel formation induced by VEGF is critical for bone healing \[[@pone.0137644.ref066], [@pone.0137644.ref067]\]. The data also suggested that among the most affected GO Biological processes there were several indicating a strong decrease of cell adhesion during adipogenesis but not during osteogenesis ([Fig 5](#pone.0137644.g005){ref-type="fig"}). None of the 'GO Molecular function' and 'GO Cellular component' were positively induced during osteogenesis and inhibited during adipogenesis ([S3 File](#pone.0137644.s018){ref-type="supplementary-material"}), with the exception of 'Invadopodium membrane' and 'collagen type I' among 'GO Cellular component' and 'Collagen type V binding' among 'GO Molecular function' category.

The analysis of the same dataset using DAVID, that uses an over-represented approach \[[@pone.0137644.ref068]\] and a more rich annotation database along with the GO categories, highlighted during adipogenesis in both MSC a consistent enrichment of functions related to cytoskeleton and its organization, among down-regulated genes, and lipid metabolism and response to hormones (particularly insulin) among up-regulated genes ([S4 File](#pone.0137644.s019){ref-type="supplementary-material"}). The osteogenic differentiation was featured by an enrichment of genes related to protein synthesis among down-regulated genes, particularly at 7 and 21 vs. 0dd, and an enrichment of genes related to glycoproteins and extracellular space components among up-regulated genes ([S4 File](#pone.0137644.s019){ref-type="supplementary-material"}).

Interestingly, none of the GO terms, that were considered highly impacted by the DIA, were also highly enriched by DAVID analysis. The discrepancy between the two methods is not surprising considering they are radical different approaches \[[@pone.0137644.ref018], [@pone.0137644.ref019]\]. The results from DAVID however appeared to be more similar to the results of the KEGG pathway analysis performed using DIA. For instance the reduction of protein synthesis during osteogenesis highlighted by DAVID analysis was also indicated by the inhibition of the 'Ribosome' pathway by the DIA ([Fig 3](#pone.0137644.g003){ref-type="fig"}). Similarly, the significant enrichment of the cytoskeleton among down-regulated genes during adipogenesis was also captured by the inhibition of 'Regulation of actin cytoskeleton' pathway ([Fig 4](#pone.0137644.g004){ref-type="fig"}).

A closer look at the results of the KEGG pathways by the enrichment analysis, performed by DAVID ([S5 File](#pone.0137644.s020){ref-type="supplementary-material"}), highlighted a concordance of results between DAVID and DIA, with most of the enriched pathways being also the higher impacted as calculated by the DIA ([S2 File](#pone.0137644.s017){ref-type="supplementary-material"}, [Fig 3](#pone.0137644.g003){ref-type="fig"}, and [Fig 4](#pone.0137644.g004){ref-type="fig"}). There was a strong agreement between the two approaches in indicating the 'PPAR signaling pathway' among the most important pathways during adipogenesis. However, some pathways, which were among the most impacted during adipogenesis, were not significantly enriched, such as 'Renin-angiotensin system'. The 'Basal cell carcinoma', one of the pathways with the highest impact during adipogenesis as calculated by the DIA ([Fig 4](#pone.0137644.g004){ref-type="fig"}), was enriched only at 2 day adipogenesis in BMSC ([S5 File](#pone.0137644.s020){ref-type="supplementary-material"}). In addition, the 'Wnt signaling pathway' was not significantly enriched (simple EASE score \>0.05) in any comparison, but tended to be significant (EASE score \<0.10) in downregulated genes and only during adipogenesis (at 7 and 21 vs. 0dd in ASC and 7 vs. 0dd in BMSC, see [S5 File](#pone.0137644.s020){ref-type="supplementary-material"}). These data appear to support the DIA results and suggest that this pathway might be only relatively important during osteogenic differentiation in porcine MSC or it may suggest that the change in expression of components of this pathway is of low importance to determine the osteogenic fate of the porcine MSC, but can have a role in determining adipogenesis.

Even though we do not have an explanation for all the results, overall the combination of DIA and DAVID analyses uncovered a strong induction of functions related to lipid accumulation, increase of extracellular signaling, increase of sensitivity to angiogenesis, and strong reduction of cell-to-cell adhesion during adipogenesis but not during osteogenesis. Few functions were more induced in osteogenesis compared to adipogenesis, among those was the modification of extracellular space, particularly the accumulation of collagen, and likely a stronger production of VEGF.

Transcription factors and other upstream regulators during adipogenesis and osteogenesis {#sec006}
----------------------------------------------------------------------------------------

Complete results of the analysis of up-stream regulators among the DEG during differentiation are available in [S6 File](#pone.0137644.s021){ref-type="supplementary-material"}. In [Fig 6](#pone.0137644.g006){ref-type="fig"} are reported the most important transcription factors (TF) and miRNA estimated by IPA to control the expression of DEG in adipogenic and osteogenic differentiation. The analysis confirmed a main role for the CEBPA and CEBPB in coordinating adipogenesis \[[@pone.0137644.ref069]\]. Surprisingly, the PPARγ was estimated to be activated during adipogenesis in ASC and BMSC and inhibited during osteogenesis in BMSC only ([S6 File](#pone.0137644.s021){ref-type="supplementary-material"}) but was not among the most activated or inhibited TF. Instead the other two PPAR isotypes, PPARα and PPARβ/δ and the co-activators PPARGC1A and PPARGC1B were estimated by IPA to be among the most activated during adipogenesis ([Fig 6](#pone.0137644.g006){ref-type="fig"}). The PPARGC1A is known to be involved in mitochondria proliferation and brown adipose tissue differentiation and PPARGC1B in adipogenesis \[[@pone.0137644.ref070]\], particularly in pre-adipocyte proliferation but not terminal adipogenesis \[[@pone.0137644.ref071]\] as also recently reviewed \[[@pone.0137644.ref072]\]. Those findings are however the opposite observed in our study, where the activation of PPARβ/δ was during terminal adipogenesis ([Fig 6](#pone.0137644.g006){ref-type="fig"}). The PPARα has been suggested in an early study to play a role in adipogenesis under certain conditions; however, it appears to play a more important role in brown adipose tissue and, likely, control oxidation of fatty acids in mature adipocytes \[[@pone.0137644.ref073]\].

![Relevant up-stream transcription regulators.\
Most activated or inhibited up-stream transcription regulators (transcription factors and ligand-activated nuclear receptors) as estimated by the z-score for each comparison from Ingenuity Pathway Analysis. Red denotes predicted activation and green predicted inhibition. The complete results, including other types of up-stream regulators are available in [S6 File](#pone.0137644.s021){ref-type="supplementary-material"}.](pone.0137644.g006){#pone.0137644.g006}

A pivotal role of SREBP1 and SREBP2 activation during adipogenesis was also evidenced by IPA analysis ([Fig 6](#pone.0137644.g006){ref-type="fig"}). The SREBP1 plays a critical part in controlling transcription adaptation during adipogenesis \[[@pone.0137644.ref074]\]. Interestingly, the two SREBP isoforms were deemed to be inhibited by IPA during osteogenesis, particularly in ASC. The SREBP2 and, in minor fashion, SREBP1 are pivotal regulator of cholesterol synthesis \[[@pone.0137644.ref075]\]. The inhibition of those transcriptional factors supports the inhibition of cholesterol synthesis during osteogenesis observed in the present study (see above and [Fig 3](#pone.0137644.g003){ref-type="fig"}).

Other TF estimated to be significantly activated during adipogenesis were Hepatocyte Nuclear Factor 4 alpha (HNF4α), MYCN, and Kruppel-like factor 15 (KLF15; [Fig 6](#pone.0137644.g006){ref-type="fig"}). A direct role of HNF4α in adipogenesis has not been previously observed; however, this TF is very important to maintain homeostasis of triglycerides synthesis and cholesterol metabolism in liver \[[@pone.0137644.ref076]\]. This might be also true for porcine mesenchymal stem cells during adipogenesis. An early study observed an inhibitory effect of MYC on adipogenesis \[[@pone.0137644.ref077]\]. In our analysis MYC was partly inhibited during adipogenesis but its isoform, MYCN was significantly activated ([Fig 6](#pone.0137644.g006){ref-type="fig"}). The estimated activation of MYCN in our experiment has not apparent explanation. A role for KLF15 in adipogenesis has been previously demonstrated \[[@pone.0137644.ref078]\].

Few TF were inhibited during adipogenesis ([Fig 6](#pone.0137644.g006){ref-type="fig"}). Among the most inhibited transcription factors were some that have been previous known to inhibit adipogenesis, such as INSIG1 \[[@pone.0137644.ref079]\], NCOR1 \[[@pone.0137644.ref080]\], and FOSB \[[@pone.0137644.ref081]\], while the estimate inhibition of KLF5 was the opposite to its previously demonstrated pro-adipogenic role \[[@pone.0137644.ref082]\]. Two miRNA were deemed to be among the most induced during adipogenesis: miR27 and miR133. The miR27 has been previously associated with an anti-adipogenic effect in mouse as it targets PPARG (reviewed in \[[@pone.0137644.ref083]\]), while the miR133 has been associated to brown adipose differentiation \[[@pone.0137644.ref084]\]. Several more miRNA were uncovered by IPA to be overall induced or inhibited during differentiations ([S6 File](#pone.0137644.s021){ref-type="supplementary-material"}); however, when compared to previous miRNA observed to affect adipogenesis \[[@pone.0137644.ref083]\] we could not find any overlap. No miRNA were estimated to be more activated during osteogenesis compared to adipogenesis or being activated (i.e., z-score\>2) during osteogenic differentiation ([S6 File](#pone.0137644.s021){ref-type="supplementary-material"}).

The osteogenesis was characterized by an overall inhibition of TF ([Fig 6](#pone.0137644.g006){ref-type="fig"}). Among those, estimated to be the most inhibited by IPA were MYC, NUPR1, HNF1A, and SREBP2. Contrary to our data, MYC was previously shown to be a positive regulator of osteogenic differentiation in human mesenchymal stem cells \[[@pone.0137644.ref085]\]. NUPR1 (Nuclear Protein 1) has not been previously associated with osteogenesis but it is a TF that responds to stress and increase survivability of cancerous cells \[[@pone.0137644.ref086]\]. Contrary to our data, the HNF1A (Hypoxia-Inducible Factor-1) has been demonstrated previously to be essential for the hypoxia-enhanced osteogenesis and its inhibition induces adipogenesis \[[@pone.0137644.ref087]\]. Among the TF only the NR3C2 (mineralocorticoid receptor) was estimated by IPA to be induced during osteogenesis. The NR3C2 has been previously reported to be involved in osteoblast differentiation \[[@pone.0137644.ref088]\] but very recently it has been demonstrated to have a negative effect on bone formation by the same nuclear receptor \[[@pone.0137644.ref089]\]. SREBP2 is a master regulator of cholesterol synthesis \[[@pone.0137644.ref090]\] and the inhibition of this TF supported the inhibition of sterol synthesis indicated by the DIA analysis ([Fig 3](#pone.0137644.g003){ref-type="fig"}).

Besides TF, several other upstream regulators were estimated to play a role in controlling adipogenesis and osteogenesis ([S6 File](#pone.0137644.s021){ref-type="supplementary-material"}). During adipogenesis among most activated upstream were insulin-like growth factor, insulin, and MAPK1. Their roles in adipogenesis have been very well established (reviewed in \[[@pone.0137644.ref091], [@pone.0137644.ref092]\]. Among the most inhibited upstream factors were TGFβ and interferon. The inhibitory role of TGFβ on adipogenesis is well established \[[@pone.0137644.ref093]\] (also reviewed in \[[@pone.0137644.ref094]\]). A role of interferon gamma, but not alpha, in inhibiting adipogenesis has been previously uncovered \[[@pone.0137644.ref095]\]. During osteogenesis was of relevance the inhibition of mTOR. An inhibition of mTOR pathways during osteogenesis was also revealed by the DIA analysis ([Fig 4](#pone.0137644.g004){ref-type="fig"}). mTOR seems to have a pro- and anti- osteogenic effect (reviewed in \[[@pone.0137644.ref096]\]). It has been demonstrated recently that mTOR is inhibited during early but activated during late osteogenesis \[[@pone.0137644.ref097]\].

Overall, the IPA analysis uncovered well-established upstream regulators for adipogenesis; however, some data (e.g., PPARGC1A, high enrichment of PPARα) seems also to indicate a differentiation toward brown adipose tissue. For what concern osteogenesis, very few upstream regulators were estimated to be induced. In addition, all the classical osteogenic transcription regulators (e.g., RUNX2, BMP4) were not estimated to be induced during osteogenesis ([S6 File](#pone.0137644.s021){ref-type="supplementary-material"}) and for the one we measured (BMP4) was not up-regulated ([S1 File](#pone.0137644.s016){ref-type="supplementary-material"}). Furthermore, several of the transcription factors estimated by IPA to be induced or inhibited during osteogenesis were the opposite of what was previously observed in mouse and human. This might indicate that the regulation of the porcine MSC osteogenesis might be specific for this species. This can have important implication for the use of pig as animal model for bone regeneration and, for this, warrants further investigation.

*k*-mean cluster analysis {#sec007}
-------------------------

In order to uncover co-regulated genes and related pathways and functions we have performed k-mean cluster analysis using Genesis \[[@pone.0137644.ref098]\] in association with the enrichment analysis approach using DAVID \[[@pone.0137644.ref068]\]. The optimal number of clusters was determined by using the \<1% gain of power of the Figure of Merit \[[@pone.0137644.ref098], [@pone.0137644.ref099]\]. The results indicated that 16 was the optimal number of *k*-mean clusters ([S14 Fig](#pone.0137644.s014){ref-type="supplementary-material"}).

The pattern in expression for each cluster, both as heat map and as expression graphs, with their associated most enriched biological terms is reported in [Fig 7](#pone.0137644.g007){ref-type="fig"}. The associated cluster for each gene is reported in [S1 File](#pone.0137644.s016){ref-type="supplementary-material"}. The complete results of the functional enrichment analysis are reported in [S7 File](#pone.0137644.s022){ref-type="supplementary-material"} and [S8 File](#pone.0137644.s023){ref-type="supplementary-material"}. In order to evaluate the relationships between co-regulated genes we have performed a network analysis of genes in each cluster using Ingenuity Pathway Analysis (IPA) ([S15 Fig](#pone.0137644.s015){ref-type="supplementary-material"} and [S9 File](#pone.0137644.s024){ref-type="supplementary-material"}). With the purpose of identifying the transcription factors (TF) with a putative role in controlling the expression of genes in each cluster we have used IPA. The IPA allowed us to inquire about the TF with the largest number of target genes ([S15 Fig](#pone.0137644.s015){ref-type="supplementary-material"}) and the enrichment of overlap of TF with genes in each cluster (i.e., identification of the enrichment of putative upstream TFs, [Table 1](#pone.0137644.t001){ref-type="table"} and [S10 File](#pone.0137644.s025){ref-type="supplementary-material"}). Here we provide a summary of the main findings and a complete discussion is available in [S11 File](#pone.0137644.s026){ref-type="supplementary-material"}.

![*k*-mean cluster analysis.\
The left panel reports the heat map and the right panel the expression graphs of the κ-mean clustering analysis using Genesis \[[@pone.0137644.ref098]\] among the 2,200 DEG due to differentiation × time × cell type. In the expression graphs are reported the number of genes and the most enriched functions (Benjamini-Hochberg FDR \< 0.05) as determined by DAVID \[[@pone.0137644.ref068]\]. The 'Functional Annotation Chart' and the 'Functional Annotation Clustering' results that summarize the complete results of the enrichment analysis performed using DAVID of genes in clusters are available in [S7 File](#pone.0137644.s022){ref-type="supplementary-material"} and [S8 File](#pone.0137644.s023){ref-type="supplementary-material"}. Cluster 10, 12, and 14 had not biological terms enriched with a FDR\<0.05. The purple line in each graph denotes the mean pattern. The Y-axis of the graphs denote the log2 fold change in each time point relative to pre-differentiation or 0dd and the numbers in X-axis denote the day of differentiation (0, 2, 7, and 21 day) in each cell type (ASC = adipose-derived stem cells; BMSC = bone marrow-derived stem cells) during adipogenic or osteogenic differentiation.](pone.0137644.g007){#pone.0137644.g007}
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###### Transcription factors controlling the expression of genes in clusters.

Reported are the 31 transcription factors with a p-value of overlap \<0.0005. The p-value of overlap indicates the statistical significance of genes in the dataset that are downstream of the transcription factor. Complete results are available in [S10 File](#pone.0137644.s025){ref-type="supplementary-material"}.

![](pone.0137644.t001){#pone.0137644.t001g}

  Cluster   TF[^1^](#t001fn001){ref-type="table-fn"}     Name                                                                     p-value[^2^](#t001fn002){ref-type="table-fn"}   Type[^3^](#t001fn003){ref-type="table-fn"}
  --------- -------------------------------------------- ------------------------------------------------------------------------ ----------------------------------------------- --------------------------------------------
  2         FOXF1                                        Forkhead box protein F1                                                  2.43E-04                                        TR
  3         JUN                                          jun proto-oncogene                                                       2.11E-07                                        TR
  3         FOS                                          FBJ murine osteosarcoma viral oncogene homolog                           2.11E-07                                        TR
  3         TP53                                         tumor protein p53                                                        1.12E-06                                        TR
  3         ETS1                                         v-ets erythroblastosis virus E26 oncogene homolog 1 (avian)              2.51E-05                                        TR
  3         WT1                                          Wilms tumor protein                                                      8.26E-05                                        TR
  3         SMAD7                                        SMAD family member 7                                                     2.09E-04                                        TR
  3         CDKN2A                                       cyclin-dependent kinase inhibitor 2A (inhibits CDK4)                     3.07E-04                                        TR
  4         PPARG                                        peroxisome proliferator-activate receptor gamma                          6.14E-07                                        LDNR
  4         PPARD                                        peroxisome proliferator-activate receptor delta                          6.17E-06                                        LDNR
  4         RELA                                         nuclear factor NF-kappa-B p65 subunit                                    6.16E-05                                        TR
  4         PPARA                                        peroxisome proliferator-activate receptor alpha                          1.39E-04                                        LDNR
  4         SREBF1                                       Sterol regulatory element-binding transcription factor 1                 1.53E-04                                        TR
  4         NFkB                                         Nuclear factor NF-kappa-B (compex)                                       1.97E-04                                        TR
  4         SMAD7                                        SMAD family member 7                                                     1.93E-04                                        TR
  4         NR3C1                                        glucocorticoid receptor                                                  3.27E-04                                        TR
  4         PRDM1                                        PR domain zinc finger protein 1 also known as BLIMP-1                    4.41E-04                                        TR
  4         HIF1A                                        Hypoxia-inducible factor 1-alpha                                         4.52E-04                                        TR
  4         CEBPA[\*](#t001fn004){ref-type="table-fn"}   CCAAT/enhancer binding protein (C/EBP), alpha                            4.90E-04                                        TR
  6         MYC                                          myelocytomatosis viral related oncogene, neuroblastoma derived (avian)   2.49E-04                                        TR
  7         PPRC1                                        PPARG coactivator-related protein 1                                      1.50E-05                                        TR
  8         CIITA                                        class II, major histocompatibility complex, transactivator               1.41E-04                                        TR
  8         MYC                                          myelocytomatosis viral related oncogene, neuroblastoma derived (avian)   1.83E-04                                        TR
  8         IRF4                                         interferon regulatory factor 4                                           2.28E-04                                        TR
  8         FOS                                          FBJ murine osteosarcoma viral oncogene homolog                           2.71E-04                                        TR
  8         CTNNB1                                       catenin (cadherin-associated protein), beta 1                            2.93E-04                                        TR
  8         KLF5                                         Kruppel-like factor 5                                                    4.80E-04                                        TR
  11        IRF1                                         interferon regulatory factor 1                                           4.47E-04                                        TR
  13        JUN                                          jun proto-oncogene                                                       9.40E-05                                        TR
  13        SP1                                          Sp1 transcription factor                                                 4.10E-04                                        TR
  16        FOXO3                                        forkhead box O3                                                          2.28E-04                                        TR

^1^Transcription Factor

^2^The P-value denotes the significance of overlap with genes in the cluster (i.e., transcription factor expected to be activated or inhibited given the observed genes in the cluster) as calculated by Ingenuity Pathway Analysis.

^3^Type of molecule: TR = Transcription Regulator; LDNR = Ligand-dependent nuclear receptor

\*Included as DEG in cluster 4.

The clusters 4, 7 and 12 grouped genes with an overall larger increase in expression during adipogenesis compared to osteogenesis. Among those, cluster 4 appears to be the cluster "signature" of the adipogenic differentiation due to its large difference between the two types of differentiation. The TF analysis of this cluster revealed an estimated large role of all 3 PPAR isotypes in controlling the expression of the genes belong to the cluster with PPARγ having the larger significance ([Table 1](#pone.0137644.t001){ref-type="table"}). The cluster 4 had also the largest number of TF with the strongest significance of overlap. Most of those TF are related to lipid metabolism (e.g., SREBF1 and CEBPA) but also to inflammatory response (e.g., NFκB and RELA). The PPARγ and the CEBPα are known to play a pivotal role in adipogenesis \[[@pone.0137644.ref023], [@pone.0137644.ref100], [@pone.0137644.ref101]\]. Also, activation of PPARα has been reported to induce adipogenesis \[[@pone.0137644.ref022]\].

The clusters 11, 14, and 15 grouped genes that expression is increased during osteogenesis and reduced during adipogenesis. Among those only cluster 15 had an enrichment of collagen- and extracellular matrix-associated genes with a BH FDR\<0.05 ([Fig 7](#pone.0137644.g007){ref-type="fig"} and [S7 File](#pone.0137644.s022){ref-type="supplementary-material"}). Those genes can be considered expected during osteogenesis bearing in mind that collagen type I deposition in the extracellular matrix is essential for bone structure \[[@pone.0137644.ref102]\]. The cluster 15 appears to contain the "osteogenic signature genes", based on the larger increase in expression pattern of those genes during osteogenesis compared to adipogenesis. As for the cluster 14, the cluster 11 is highly enriched by genes related to extracellular region, in particular signaling molecules ([Fig 7](#pone.0137644.g007){ref-type="fig"} and [S7 File](#pone.0137644.s022){ref-type="supplementary-material"}), indicating a large co-regulation of cell-to-cell communication during osteogenesis.

Clusters 1, 3, 8 and 13 (and with lower magnitude also cluster 5) grouped genes with, on average, a consistent down-regulation during differentiations but with a larger decrease in adipogenic compared to osteogenic differentiation. Among others, those clusters were highly enriched with genes related to cytoskeleton organization ([Fig 7](#pone.0137644.g007){ref-type="fig"} and [S7 File](#pone.0137644.s022){ref-type="supplementary-material"}). The cytoskeleton plays a pivotal role in cell shape, organelle organization, polarity, and sensing external forces that in turn are able to stimulate differentiation. This has been shown in BMSC \[[@pone.0137644.ref103]\] but also in ASC \[[@pone.0137644.ref104]\]. The coordinated down-regulation of the cytoskeleton during differentiation, particularly for the adipogenic differentiation, might be indicative of decreased cell interactions but might also indicate a decreased hypersensitivity of the cells to the stiffness of the surrounding environment. In human BMSC the phosphorylation of the actin cytoskeleton is an important phenomenon during *in vitro* osteogenesis \[[@pone.0137644.ref039]\]. Among the other clusters few were able to enrich biological terms.

Overall the cluster analysis in association with the TF network and TF overlapping analyses strongly indicated larger transcriptomics coordination and larger interactions of genes involved in adipogenic compared to osteogenic differentiation. In addition, the analysis highlighted a larger number of TF involved in driving adipogenesis compared to osteogenesis.

The enrichment analysis using IPA indicated that cluster 6 was highly enriched by genes involved in protein synthesis and was also highly enriched by target genes of MYCN or n-Myc ([Table 1](#pone.0137644.t001){ref-type="table"}). The n-Myc is part of a family of transcription factors having similar functions, among those the v-Myc (or simply MYC) has been shown to play a crucial role in coordinating expression of ribosomal proteins that are involved in protein synthesis \[[@pone.0137644.ref105]\]. In our experiment, *MYC* was actually up-regulated during adipogenesis while *MYCN* was not affected by differentiations ([S1 File](#pone.0137644.s016){ref-type="supplementary-material"}). Although not clear due to the increase or not change in expression, our analysis suggest that MYC had likely played a role in coordinating the decrease in protein synthesis during osteogenic differentiations in our experiment with a probable more important role of n-Myc than v-Myc.

Limitations {#sec008}
-----------

The current study presents several limitations. Some of those were previously pointed out \[[@pone.0137644.ref014]\], including the use of a microarray platform with less than half the transcripts present in the porcine genome, the incomplete annotation, and limitation of the DIA and of the enrichment analysis \[[@pone.0137644.ref019]\]. A further limitation of the used approaches is the analysis of pathways or other biological terms in isolation, i.e., without considering that pathways are highly interconnected and same genes can be involved in multiple pathways or biological terms \[[@pone.0137644.ref106]\].

Despite the high consistency between our data and several data produced *in vivo* underlined by the present study, the *in vitro* system is well known to poorly mimic the *in vivo* milieu. The possibility of running a similar analysis of differentiating cells *in vivo* is still a daunting challenge, but the advent of transgenic cells expressing fluorescent proteins (e.g., enhanced green fluorescent pig cells \[[@pone.0137644.ref107]\]) might be useful in order to track heterologous transplanted cells and their progeny during differentiations. This might be possible only in immune compromised animals considering that GFP cells can be eliminated by the host organism \[[@pone.0137644.ref108]\]. Those cells in different stages of differentiation can be isolated using fluorescent-activated or magnetic-activated sorting systems. Once isolated, the transcriptome can be analyzed using microarray or next generation sequencing.

Concluding Remarks {#sec009}
==================

The results from the present analysis allow proposing a dynamic model of adipogenic and osteogenic differentiation in porcine ASC and BMSC ([Fig 8](#pone.0137644.g008){ref-type="fig"}). Our data uncovered a larger and more coordinated transcriptomics adaptation during adipogenesis compared to osteogenesis with a similar magnitude between the two MSC. The larger number of DEG and the larger networks and TF involved in controlling the genes of the "adipose signature" cluster compared to any other cluster of genes, including the "osteogenic signature" one, support such conclusions. The DIA, together with the enrichment analysis, revealed a key role of PPAR signaling (likely PPARγ, but also PPARα can play a role) in determining the adipogenic fate of the cells. The role of the "Wnt signaling pathway" or other pathway was not large, with the former being more activated during adipogenesis, contrary to what previously reported.

![Overall functional adaptation of porcine ASC and BMSC during adipogenic and osteogenic differentiation.\
The model encompasses the most impacted and enriched terms plus transcription factors inferred by the analysis of transcriptomics changes in ASC and BMSC during adipogenic and osteogenic differentiation. The red font denotes induction while green font denotes inhibition. Shapes of the terms indicate an increase or decrease of the function from pre-differentiation (time 0) to 21 days of differentiation (from right to left). The analysis suggested that ASC during adipogenic differentiation (panel A) had a large transcriptomics change (**↰ (red arrow)** genes whose transcription was increased; **↰ (green arrow)** genes whose transcription was decreased; larger the size larger the number) with a more pronounce number of down-regulated compared to up-regulated genes. On the right, before the arrows, are reported the symbol of the most important transcription factors (TF) apparently regulating the genes affected by differentiations in each cell types. [Red]{.ul} font TF are estimated to be activated and [green]{.ul} are estimated to be inhibited. Shape of the TF denote change in activation (if larger in red from right to left → more activated during differentiation; if larger in green from right to left → more inhibited during differentiation; shape are derived from data reported in [Fig 6](#pone.0137644.g006){ref-type="fig"}). The functional analysis suggested an overall large induction of metabolism, encompassing triacylglycerol (TAG) synthesis with a fundamental role of unsaturation of long-chain fatty acids (LCFA) and import of glycerol. The amino acid (AA) metabolism, the metabolism of nicotinate and nicotinamide metabolism and pantothenate and CoA biosynthesis were induced with likely production of metabolites capable of direct or indirect positive effect on adipogenesis, partly through PPARγ. The ECM signaling, xenobiotics metabolism, and peroxisome were strongly induced. A potential increase in tumorigenesis by adipogenic differentiation can be deduced by the data. The cell proliferation and the cell-to-cell interactions were evidently inhibited by adipogenic differentiation. The transcriptomics data indicated also a large inhibition of immunogenicity as differentiation progressed in ASC. Functional analysis of transcriptomics changes by adipogenic differentiation in BMSC (panel B) suggested a very similar effect as for ASC. The osteogenic differentiation in ASC (panel C) and BMSC (panel D) was characterized by an increase in overall metabolism (larger in ASC vs. BMSC) but with an overall decrease of steroid biosynthesis and protein synthesis machinery. Data also indicated an overall increase in cell adhesion and accumulation of ECM with components such as collagen, and an increase in VEGF production with a likely consequent intensification of angiogenesis (if in an *in vivo* setting). Amid transcription factors the data suggested a pivotal role of PPAR isotypes and other transcription factors known to be involved in regulating lipid metabolism in controlling adipogenesis and novel TF in regulating osteogenesis. As for the adipogenic differentiation, also for the osteogenesis the data suggested that ASC were characterized by a decreased immunogenicity and an intensification of mineralization by the augmented expression of ectonucleotide pyrophosphatase/phosphodiesterase 1 (*ENPP1*) that plays a pivotal role in the nicotinate and nicotinamide metabolism and pantothenate and CoA biosynthesis.](pone.0137644.g008){#pone.0137644.g008}

The adipogenesis was featured by an increase in overall metabolism, particularly lipid and amino acid. The details analysis indicated an increased triacylglycerol synthesis and use of amino acids to produce adipogenic signaling molecules. The adipogenesis was also featured by decrease of cell-to-cell interactions, including focal adhesion and cytoskeletal regulation, and reduction of cell proliferation. The molecular basis for the adipogenic differentiation are relatively well-known \[[@pone.0137644.ref028]\]. The knowledge accumulated so far has been generated mostly from *in vitro* systems with large differences between culture conditions, type of cells used, and adipogenic inductions; however, it appears, also based on our data, that there is a relatively large agreement between the studies. Thus, we are expecting that such consistency should be found *in vivo* as well. Our analysis uncovered few relatively new molecular players (e.g., Wnt signaling more induced during adipogenesis, the role of amino acid metabolism during adipogenesis) but allowed for the first time to see the dynamic adaptation of the differentiation in large scale, permitting to propose an all-encompassing model ([Fig 8](#pone.0137644.g008){ref-type="fig"}).

Functional analysis of the osteogenic transcriptomics adaptation did not uncover any specific pathway being largely induced during osteogenesis. Relatively induced were pathways and functions related to cytoskeleton, cell-to-cell physical contact, extracellular matrix, and VEGF production. However, the data clearly indicated an overall inhibition of steroid synthesis at the end of bone formation and coordinated inhibition of protein synthesis machinery during osteogenesis, likely controlled by MYC. The reason for the reduction of steroids during osteogenesis, even though consistent with *in vivo* data, is not apparent and suggests the need for additional studies. The decrease of protein synthesis observed in the present experiment might be an important phenomenon during osteogenesis. The cluster analysis and network analyses indicated a moderately low coordination of genes affected by osteogenesis and low number of TF involved in such adaptation. Overall it appears that the osteogenesis is probably more regulated by other means, such as phosphorylation.

Even though not discussed in great detail, the functional analysis also uncovered some differences between the two MSC types. The differences were not so much related to a different transcriptomic perturbation during the differentiation, rather it appeared to be more related to a general adaptation to both differentiation types. This was particularly evident for ASC, prompting us to suggest that there is an "adipocyte memory" in ASC. The same could not be suggested for the BMSC. This can be a consequence of the MSC location. It has been established that the niche of the MSC is perivascular with relatively large vessels \[[@pone.0137644.ref009], [@pone.0137644.ref109], [@pone.0137644.ref110]\]. The adipose tissue is highly vascularized and the vessels are in very close physical proximity to the adipocytes, while the BMSC are more likely located in the middle of the bone marrow, far away from the endosteum, thus from the osteocytes \[[@pone.0137644.ref111]\]. Thus, the ASC are more closely associated with the adipocytes that might affect their niche.

Among others, an interesting feature that suggests additional research is the lower immunogenicity in differentiating ASC compared to BMSC revealed by our data. This, if further demonstrated, can provide additional reasons for using ASC instead of BMSC for clinical applications; however, the suggested larger tumorigenicity by adipogenesis, particularly in ASC, also needs to be carefully evaluated. The findings from the present work confirmed the high similarity in the transcriptomics response to adipogenic and osteogenic differentiation; thus, supporting an equivalence for use in tissue regeneration. Due to the easy and less painful harvesting of ASC compared to BMSC our data support the use of ASC as a better alternative than BMSC. However, the "adipose memory" deserves more in-depth investigations. The clinical consequence of such suggested "adipose memory" is at the present unknown.

Prospective {#sec010}
===========

The results from the present experiment allow proposing a dynamic model of *in vitro* osteogenesis and adipogenesis in porcine MSC. However, the limitations of the *in vitro* system might have hidden key information of MSC during the two differentiation types. Therefore, the use of heterologous transgenic MSC in combination with "omics" tools, such as RNA sequencing and epigenomics, can be of extreme value in order to study adipogenesis and osteogenesis *in vivo* so to improve the use of MSC for tissue repair.

Materials and Methods {#sec011}
=====================

Ethics statement {#sec012}
----------------

Subcutaneous back fat and bone marrow from femurs were harvested from three castrated Yorkshire crossbred male pigs under a protocol approved for this study by the University of Illinois Institutional Animal Care and Use Committee (IACUC \#04296). The animals were euthanized via barbiturate overdose (Na pentobarbital, 90 mg/kg) followed by exsanguination. This is an acceptable method as described in the 2013 Report of the AVMA Panel on Euthanasia.

ASC and BMSC isolation, culture, differentiation, and microarray analysis {#sec013}
-------------------------------------------------------------------------

The isolation, culture conditions, induction of differentiations, RNA extraction, and microarray analysis were previously described \[[@pone.0137644.ref014], [@pone.0137644.ref017]\]. Microarray data are deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (accession GSE25854).

Statistical analysis {#sec014}
--------------------

Microarray spots with median intensity ≥3 standard deviation above the median of the background and GenePix flag \>100 were applied as filters to ensure high quality data. Data from a total of 82 microarrays were adjusted for dye and array effect (Loess normalization and array centering), duplicated spot intensities were not averaged and were subsequently used for statistical analysis. A mixed model with repeated measures was then fitted to the normalized log2-transformed adjusted ratios (sample/reference standard) using Proc MIXED (SAS, SAS Inst. Inc., Cary, NC). The model included the fixed effect of time (0, 2, 7, and 21 dd), cell type (ASC and BMSC), differentiation (osteogenic and adipogenic), interactions of time × cell type × differentiation. Pig (n = 3) was considered a random effect. P-values were adjusted for the number of genes tested using Benjamini and Hochberg's false discovery rate (FDR) \[[@pone.0137644.ref112]\] to account for multiple comparisons. Differences in relative expression were considered significant at an FDR-adjusted P ≤0.05 for time × cell type × differentiation. Post-hoc P ≤0.05 was considered significant between pairwise comparisons. The difference in expression of genes is reported as fold change (2-fold = ±100% change).

Dynamic Impact Approach (DIA) analysis {#sec015}
--------------------------------------

Recently, a novel Dynamic Impact Approach (DIA) method to analyze temporal transcriptomic data was developed \[[@pone.0137644.ref019]\]. The method uses the number of DEG, the magnitude, and the significance of changes in gene expression in order to provide an estimate of the dynamic impact of any treatment or condition on the system being studied. The DIA also provides a way to quickly interpret the results of the functional analysis.

Detailed description of the DIA has been previously reported \[[@pone.0137644.ref019]\]. The DIA analysis was performed for the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the three gene ontology (GO) categories (i.e., Biological process, Molecular function, and Cellular component). For all the analysis the human database annotation was used (the pig microarray used in the present experiment was annotated using human annotations). For the KEGG the annotation was downloaded from the KEGG knowledge base (<http://www.genome.jp/kegg/>) in July 2011. For the GO all the database annotations were downloaded directly from the Gene Ontology Consortium website tool for annotation extraction (<http://www.ebi.ac.uk/QuickGO/>) in June 2012. For all databases analyzed we have used in DIA a cut-off of ≥30% genes present on our microarray platform vs. genome. In addition, for the GO analysis the terms with only 1 gene in our microarray were removed from the analysis. In order to capture the terms with the larger difference between differentiations or between cell types the direction of the impact (DoI) was used. For the differentiations the DoI in osteogenic was subtracted from the same differentiation in adipogenic. For the MSC type the DoI in BMSC was subtracted from the same differentiation in ASC.

In order to summarize the GO terms the REVIGO tool was used \[[@pone.0137644.ref060]\]. The GO ID were uploaded with the direction of the impact and the following options were used: 'Allowed similarity' = medium; the numbers associated to GO categories were "higher is better" for positive DoI and "lower is better" for negative DoI; database with GO term sizes = Homo sapiens; semantic similarity measure using SimRel. The table with results was downloaded and reformatted for Excel. The whole screen of the TreeMap was printed and copied in Adobe Photoshop Elements 9 with a DPI = 300 to produce the final figures.

Up-stream transcription regulator analysis via Ingenuity Pathway Analysis (IPA) {#sec016}
-------------------------------------------------------------------------------

To uncover the main up-stream regulators of the DEG we have taken advantage of the upstream regulator analysis in Ingenuity Pathway Analysis (IPA, Ingenuity® Systems, Mountain View, CA). The analysis uses an IPA Knowledge base to predict the expected causal effects between up-stream regulators and targets (i.e., DEG). The analysis provides the more plausible prediction of the status of the upstream regulator (i.e., activated or inhibited) by computing an overlap *p*-value and an activation z-score using the putative down-stream differentially expressed genes. For this purpose the whole dataset with Entrez-Gene IDs, statistical significance, and expression ratio of the entire experiment were uploaded into IPA.

Cluster analyses {#sec017}
----------------

The *k*-means clustering analysis was conducted using Genesis software \[[@pone.0137644.ref098]\] with Euclidean distance. The decision on the number of clusters was based on the adjusted Figure of Merit (FOM) \[[@pone.0137644.ref099]\]. The analysis was conducted using the 2,200 DEG with the fold-change in expression log2 transformed with the following criteria: 50 FOM interactions, means centered, maximum of 50 clusters, and 100 interactions. The optimal number of clusters was selected when the comparison between two clusters resulted in ≤1% gain of power of prediction. The % gain of power of prediction of the FOM was considered as the % of the difference between FOM among consecutive clusters ([S14 Fig](#pone.0137644.s014){ref-type="supplementary-material"}) and calculated as \[((FOM cluster~n~−FOM cluster~n+1~)/ FOM cluster~n~) × 100\]. Based on the above criteria the cluster analysis with Genesis was run with 16 maximum clusters and 50 interactions.

Functional enrichment analysis of DEG and genes in the clusters {#sec018}
---------------------------------------------------------------

The free available web tool Database for Annotation, Visualization and Integrated Discovery (DAVID) \[[@pone.0137644.ref113]\] was used for the enrichment analysis of the DEG in each comparison (separated by up-regulated and down-regulated gene lists) and genes in the clusters. The whole annotated microarray was used as background. The analysis was run using the default annotation dataset plus the 'UCSC_TFBS' in the Protein_Interactions annotation dataset and the UP_TISSUE in the Tissue_Expression annotation dataset. The 'Functional Annotation Clustering' and the 'Functional Annotation Chart' features were used to download all the results.

Networks and transcription factor analysis of genes in clusters {#sec019}
---------------------------------------------------------------

The networks among genes in the same cluster were built using Ingenuity Pathway Analysis (IPA). A file containing a column for the Entrez Gene ID and a column for each cluster where the association of the Gene ID with the cluster was denoted by an arbitrary "P-value" = 0.01 was uploaded in IPA. The uploaded dataset was filtered based on the arbitrary "P-value" in order to retain for each cluster only the ID associated with the cluster. Using the filtered dataset for each cluster we built a new pathway incorporating all the genes in the cluster. By using the "Build-Path Explorer" option in IPA we identified all the direct and indirect interactions among genes in the cluster. Subsequently, using the "Path Designer" tool in IPA and using the "Build-Grow" option we added all the up-stream transcription factors for the genes in the cluster. The following options were selected: Interactions = Only "direct"; Grow out..."All the molecules"...that are "Upstream of the selected molecules"...and limit molecules to "Use Ingenuity Knowledge Base"; Relationship Types = "expression" and "transcription"; Molecule Types = "ligand-dependent nuclear receptor" and "transcription regulator". All the other options were left as default. Once all the upstream molecules were added by IPA manually, we trimmed all the transcription factors that had less than 4 downstream molecules among the ones present in the cluster.

A Core Analysis of the cluster dataset was also run in order to obtain the Transcription Factor Analysis results. This analysis allowed identifying the transcription factors that may be responsible for gene expression changes observed in the experimental dataset.

Supporting Information {#sec020}
======================

###### Pattern of differentially expressed genes (DEG) in each differentiation and cell type.

Overall view of the 2,200 transcripts significantly affected by cell type × time × differentiation with a False Discovery Rate ≤ 0.05. Images created using GeneSpring GX7. Adipo = adipogenic differentiation; Osteo = osteogenic differentiation; ASC = adipose-derived stem cells; BMSC = bone marrow-derived stem cells. The time (X-axis) is in day from beginning of differentiation. The Y-axis is log10 of fold-difference compared to day 0.

(TIFF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'Tryptophan metabolism' at 7 day of adipogenic differentiation in ASC and BMSC.

Shown is the response of the KEGG 'Tryptophan metabolism' in ASC and BMSC at 7 day of adipogenesis differentiation as obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'Phenylalanine metabolism' at 7 day of adipogenic differentiation in ASC and BMSC.

Shown is the difference in response of the KEGG 'Phenylalanine metabolism' in ASC and BMSC at 7 day of adipogenesis differentiation as obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'Metabolism of xenobiotics by cytochrome P450' and 'Drug metabolism---cytochrome P450' at 21 day of adipogenic differentiation in ASC.

Shown are the figures of the two pathways obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIFF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'PPAR signaling pathway' at 21 day of adipogenic differentiation in ASC and BMSC.

Shown is the KEGG 'PPAR signaling pathway' at 21 days of adipogenic differentiation in ASC and BMSC as obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Striking is the similarity of the response between the two MSC. Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'Wnt signaling pathway' at 7 day of adipogenic and osteogenic differentiation in BMSC.

Shown is the response of the KEGG 'Wnt signaling pathway' at 7 day of adipogenic and osteogenic differentiation in BMSC as obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIF)

###### 

Click here for additional data file.

###### Detailed depiction of the KEGG 'Basal cell carcinoma' at 21 day of adipogenic differentiation in ASC and BMSC.

Shown is response of the KEGG 'Basal cell carcinoma' in ASC and BMSC at 21 day of adipogenic differentiation as obtained by the KegArray tool (<http://www.kegg.jp/kegg/download/kegtools.html>). Red-orange object denote up-regulation and green down-regulation relative to 0dd.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Biological process terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during adipogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Biological process terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during osteogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Molecular process terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during adipogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Molecular process terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during osteogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Cellular component terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during adipogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### TreeMap view of GO Cellular component terms with the larger difference in direction of the impact between adipogenic and osteogenic differentiation: terms more induced during osteogenesis.

Results are from REVIGO analysis.

(TIF)

###### 

Click here for additional data file.

###### Figure of Merit and % Gain of Power for k-mean cluster.

The figure of Merit (FOM) was calculated using Genesis \[[@pone.0137644.ref098]\]. The usual criterion for selecting the best number of clusters is the presence of the "elbow" of the FOM curve; however, it is very difficult to visualize the "elbow". For this reason we have calculated the % Gain of Power as \[(FOM previous cluster---FOM present cluster)/ FOM previous cluster × 100\]. The % Gain of Power allows seeing the increase in power of prediction by adding an additional cluster. We deemed that the increase in power of prediction is worth to be considered if \>1%; thus, we selected as the best number of cluster the first cluster which % Gain of Power is \<1% (horizontal blue line denote 1% Gain of Power). In this case it was deemed 16 to be the best number of cluster (denoted by the blue arrow).

(TIF)

###### 

Click here for additional data file.

###### Network analysis of clusters plus putative transcription factors.

In the left are shown the interactive networks among genes in each cluster constructed using Ingenuity Pathway Analysis (IPA). Details for each network are provided in [S9 File](#pone.0137644.s024){ref-type="supplementary-material"}. The graphs on the right denote: upper panel = the % of genes present in the network among all genes in the cluster eligible for network analysis in IPA; middle panel = the % of transcription factors (TF) present in the network among all genes in the cluster eligible for network analysis in IPA; bottom panel = the % of all TF with ≥3 down-stream genes (both present in the cluster and with a putative effect on transcription of genes included in the cluster) relative to all genes in the cluster eligible for network analysis in IPA.

(TIF)

###### 

Click here for additional data file.

###### Complete microarray dataset.

Available are the annotation, the cluster number, the overall FDR (time x cell type x differentiation), the fold change, and the P-value between comparison for each gene.

(XLSX)

###### 

Click here for additional data file.

###### Complete KEGG pathway results from the Dynamic Impact Approach.

The Excel file contains 3 sheets: '***KEGG pathways summary***' containing the summary of impact and direction of the impact for the main categories and sub-categories of KEGG pathways; '***KEGG pathways***' containing the impact and direction of the impact for each specific pathway in each category and sub-category of KEGG pathways; '***Sorted KEGG pathways***' covering the specific pathways sorted in descending order by the sum of impact for each differentiation and in each cell type.

(XLSX)

###### 

Click here for additional data file.

###### Complete Gene Ontology results from the Dynamic Impact Approach.

The Excel file contains 8 sheets including: '**legend**', '***GO Biological process***', '***GO Molecular function***', and '***GO Cellular component***' encompasses the impact and direction of the impact for the GO Biological process, GO Molecular function, and BO Cellular component, respectively, in descending order by the sum of the impact of all comparisons; '***Sorted GO***' containing the sum of the impact of all time points comparison in adipogenic and osteogenic differentiation and in ASC and BMSC (plus the difference between adipogenic and osteogenic and ASC and BMSC) for each GO category; '***GO BP adipo vs*. *osteo***', '***GO MF adipo vs*. *osteo***', and '***GO CC adipo vs*. *osteo***' include the results from REVIGO summary of the GO biological terms with associated differences in the direction of the impact between adipogenic and osteogenic differentiation.

(XLSX)

###### 

Click here for additional data file.

###### Complete Functional Annotation Clustering analysis results from DAVID for DEG in each time point vs. 0dd.

The Excel file contains 13 sheets including a 'legend'.

(XLSX)

###### 

Click here for additional data file.

###### Complete KEGG pathway analysis results from DAVID for DEG in each time point vs. 0dd.

The Excel file contains 4 sheets encompassing the most enriched KEGG pathways as estimated by DAVID for each of the two differentiations in each mesenchymal stem cell.

(XLSX)

###### 

Click here for additional data file.

###### Complete results of the ups-stream regulators of DEG.

The most relevant up-stream regulators of DEG in each MSC type during adipogenic and osteogenic differentiation were uncovered using Ingenuity Pathway Analysis. Red and green shade denote up-stream regulator deemed to be activated and inhibited, respectively.

(XLSX)

###### 

Click here for additional data file.

###### Complete Functional Annotation Chart from DAVID for each of the 16 *k*-mean cluster.

The Excel file contains 16 sheets (one for each *k*-mean cluster) with the complete results from DAVID analysis with an EASE score ≤0.10. In yellow are highlighted the biological terms enriched with a Benjamini-Hochberg FDR ≤0.05.

(XLSX)

###### 

Click here for additional data file.

###### Complete Functional Annotation Clustering from DAVID for each of the 16 *k*-mean cluster.

The Excel file contains 16 sheets (one for each *k*-mean cluster) with the results from the Functional Annotation Clustering of terms by DAVID analysis.

(XLSX)

###### 

Click here for additional data file.

###### Detailed figure of the networks for each of the 16 *k*-mean cluster built using Ingenuity Pathway Analysis.

The PDF file contains the high quality image of the network among genes of each of the 16 cluster plus the transcription factor with ≥3 down-stream molecules. The genes belonging to the cluster are colored as the color of the cluster (see [Fig 7](#pone.0137644.g007){ref-type="fig"}). In the periphery of the network are reported the transcription factors (TF; with a larger font). The ones with the colored object are present in the cluster. The ones with white object are TF not present in the cluster but with ≥3 down-stream target among genes in the cluster as uncovered by Ingenuity Pathway Analysis.

(PDF)

###### 

Click here for additional data file.

###### Transcription factors with significant overlap with the genes in clusters.

The Excel file contains one sheet with the results of the transcription factor analysis in each cluster performed using Ingenuity Pathway Analysis.

(XLSX)

###### 

Click here for additional data file.

###### Supplemental discussion of κ-mean cluster analysis.

This is a supplemental discussion of clusters of grouped genes with overall changes in expression during adipogenic compared to osteogenic differentiation.

(DOCX)

###### 

Click here for additional data file.

###### The clip is a time-lapse experiment of freshly isolated ASC induced to differentiated toward the osteogenic lineage for 3 days in 24 well plate (2 frames/s; pictures were taken every 10 min).

The osteogenic medium was added at beginning of day 6 of culturing and cells were followed up to the end of day 8. The video also contains pictures of nodules stained with Alizarin Red S after 14 days of differentiation.

(MP4)

###### 

Click here for additional data file.
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